Herein, we describe the synthesis of highly water-dispersible and biocompatible 3D adsorbents via a rapid two-step strategy employing a mesoporous magnetic nanomulberry-shaped Fe 3 o 4 (MnM) on diatomaceous earth (DE) and cucurbituril (CB; MNM-DE-CB). Coating of CB on the surface of MNM-DE via hydrogen bonds not only enhanced the dispersibility of CB, but also improved the stability of MNM-DE. The ability of the adsorbent to remove dyes from water was investigated as a function of metal ions, solution pH, temperature, and concentration to determine optimum reaction conditions. Unlike MNM-DE, MNM-DE-CB exhibited highly efficient, rapid dye removal and recyclability in aqueous solution, and low cytotoxicity toward cancer cells in drug delivery tests. MNM-DE-CB is a promising green adsorbent with potential for diverse applications including water remediation, interface catalysis, bio-sample preparation, and drug delivery.
Results and Discussion
Principle of MNM-DE-CB. A novel two-step fabrication of MNM-DE-CB was developed ( Fig. 1) to extend the usefulness of natural DE. First, DE with a uniform particle size distribution (10−25 μm) was thoroughly washed and combined with magnetic material using the traditional hydrothermal synthesis method 35, 36 . The structure and high magnetization of the synthesized magnetic nanomulberry-shaped CB on DE (MNM-DE) were confirmed by TEM, SEM, and VSM ( Fig. 1A and Fig. S1A,B ). Although an increase in the surface area of MNM-DE composites was expected, no significant changes occurred due to the facile coagulation of MNM-DE composites in solution ( Fig. 1B) possibly caused by interactions between magnetic forces on neighboring magnetized compounds. Further surface modification of MNM-DE was then implemented using super-molecular cucurbit [6] uril (CB [6] ) to enhance the functionality of nanomaterial composites in aqueous solution. CB [6] solution was mixed with the prepared MNM-DE and boiled for 1 min using a microwave. After two-step fabrication, the structure of MNM-DE-CB was confirmed using SEM (Fig. 1C ). MNM-DE-CB dispersed much better in aqueous solution (Fig. 1D ) than MNM-DE ( Fig. 1B) . In addition, the novel porous structure of MNM-DE-CB gained magnetization and enhanced the surface area of the composites. To confirm the improvements for MNM-DE-CB, we deduced that CB [6] powder gradually dissolved due to interactions with hydrophilic groups on the surface of MNM when insoluble CB [6] encountered MNM-DE in solution 23, 37 We confirmed that active ions in the MNM-DE solution accelerated CB binding and/or hosting on the surface of MNM-DE using energy-dispersive X-ray spectroscopy (EDX; Fig. S1C,D) . A delicate dynamic system between CB and MNM-DE was evident, which also verified the improved dissolvability and dispersibility of MNM-DE-CB composites in aqueous solution.
Characterization and analysis of MNM-DE-CB. Next, the optimal synthetic ratio of Fe 3+ to DE was investigated to achieve good morphology, high magnetization, and an improved surface area for MNM-DE. A MNM-DE composite with a high magnetic saturation (Ms) value and surface area was obtained ( Fig. 2A ). Using a ratio of 0.2 (0.2 g of pure DE added to a 20 mL reaction system) Fe 3+ to DE for fabrication, we achieved MNM-DE composites with a maximum Ms value of 42.667 emu g −1 and a maximum surface area of 27.67 m 2 g −1 ( Fig. 2A ). The intensity of the magnetism of MNM-DE composites in a 0.1 ratio reaction system was higher than in a 0.3 ratio system, but overgrowth of MNM-DE caused self-aggregation, leading to mass adhesion and a decrease in the surface area of composites ( Fig. 2A ). FTIR was employed to confirm the structural composition of MNM-DE-CB. FTIR spectra of DE ( Fig. 2B , red curve) exhibited strong peaks at 1088 cm −1 and 796 cm −1 , representing stretching vibrations for Si-O-Si and vibrations for O-H 38 . After conjugation of MNM and DE, a peak appeared at 588 cm −1 (Fig. 2B , green curve), corresponding to Fe-O vibrations of MNM 39 . In spectra of pure CB (Fig. 2B , black curve), peaks at 2998 cm −1 and 2922 cm −1 corresponded to stretching vibrations of C-H bonds for methylene. The peak at 1470 cm −1 corresponded to methylene bending vibrations of C-H bonds. Finally, after conjugation of MNM-DE and CB, the allophanyl C=O peak at 1739 cm −1 for pure CB was shifted to 1730 cm −1 , which implied the existence of hydrogen bonding between CB and MNM-DE 40 . Taken together, these results confirmed that the MNM-DE surface was successfully coated by CB. Next, the surface area and pore volume of MNM-DE-CB composites were characterized by N 2 sorption measurements at 77.3 K (Fig. 2C ). The surface area of MNM-DE-CB was calculated to be 46.34 m 2 g −1 , much larger than those of DE (2.05 m 2 g −1 ) and MNM-DE (11.46 m 2 g −1 ). On the other hand, the pore volume of DE (0.99 cm 3 g −1 ) was much larger than those of MNM-DE (0.06 cm 3 g −1 ) and MNM-DE-CB (0.14 cm 3 g −1 ). Although the surface area of MNM-DE was increased compared with DE alone, the useful surface area of MNM-DE was decreased due to facile aggregation by magnetic adsorption and surface physical adsorption. The surface area of MNM-DE-CB was therefore markedly increased by CB, which leads to improved stability and dispersibility of the 3D MNM-DE-CB complex in water. Meanwhile, nitrogen adsorption-desorption isotherm curves of DE (black line), MNM (red line), and MNM-DE-CB (blue line) confirmed differences in adsorption quantities ( Fig. 2D ). All samples exhibited hysteresis loops at P/P0 ranging from 0.4 to 1.0, indicating the existence of a mesoporous structure in the composites. By contrast, the blank hysteresis loop indicated few mesoporous structures in the pure DE samples 41, 42 . The pore size distribution of the mesoporous samples (DE, MNM, MNM-DE-CB) calcined at 550 °C was analyzed by Barrett-Joyner-Halenda (BJH) (Fig. S2 ). The pore size distribution of DE was around 100 nm due to it is not mesoporous substance ( Fig. S2A ). On the other hand, the pore size distribution was range 20-90 nm and 45 nm for MNM and MNM-DE-CB, respectively ( Fig. S2B,C) . Based on the result of the pore distribution curves, the enlarged surface area of MNM-DE-CB composites was caused by the uniform and tiny pore size distribution. Isotherms curves of MNM verified the distribution of mesoporous structures by TEM ( Fig. 1A) . According to the typical type IV isotherm (IUPAC classification, blue) 43 (Fig. 3A) . The adsorption efficiencies toward MB (C 0 (MB) = 75 mg/L) and TB (C 0 (TB) = 20 mg/L) for MNM-DE-CB composites were 6−7 times higher than those of MNM-DE. This indicates two interaction mechanisms between dyes and MNM-DE-CB, such as host-guest interactions and physical adsorption. The MNM-DE surface was found to be negatively charged ( Fig. 2F ), which indicates that negatively charged MB and TB could not be adsorbed due to electrostatic repulsion. Therefore, the slight decrease in dye solution absorption intensity may be attributed to physical adsorption by the mesoporous structure of MNM-DE. On the other hand, the dye removal efficiency of MNM-DE-CB was higher than that of MNM-DE. Thus, the dye removal efficiency of positively charged MNM-DE-CB for negatively charged MB and TB could be enhanced due to electrostatic interactions.
Additionally, the distinct cavity structure may possess the ability to capture dye molecules in the presence of CB. To explore optimal conditions for MNM-DE-CB, the effects of metal cations on dye removal were examined ( Fig. 3B ). Due to the range of effects of metal cations and pH on Trypan Blue (TB), we used the certain amounts of composites, and increased the initial concentration of TB. Various types of metal ions such as 0.01 M NaCl, CaCl 2 , and MgCl 2 were added to 1 mL MB (75 mg/mL) and TB (34 mg/mL) solutions containing MNM-DE-CB composites. Consistent to the previous report that dye sorption onto cucurbituril is strongly enhanced by Ca2 + for all studied dyes 44 , all metal cations enhanced the dye removal efficiency of MNM-DE-CB composites and sorption of Ca 2+ cations proved most effective for removal of both CB and TB. The facilitate dye adsorption onto MNM-DE-CB composites might be due to the reduction of electrostatic repulsion. Despite we could not determine the specific reason regarding the differences between TB and MB, the removal efficiency of TB was improved (from 65.23% to 97%) much more than that of MB (from 78.86% to 85.39%; Fig. 3B ). Although molecular weight of TB (872.88 g/mol) was bigger than that of MB (799.814 g/mol), the electron distribution of both dye molecules on the cucurbituril was similar 45, 46 . Therefore, further study would be desired for investigation of the reason the differences of the removal efficiency between both dyes. Furthermore, pH also plays a role in dye removal in aqueous solution. Since the color of MB changes from blue to red and eventually transparent between pH 9 and 14, we tested the removal rate of TB at different pH values. The adsorption efficiency of MNM-DE-CB gradually increased with decreasing pH from 10 to 2 (Fig. 3C ).
This could be due to a switch from a positive to a negative charged surface of MNM-DE-CB from acidic to alkaline conditions, consistent with the Zeta potential values at different pH values (Fig. 3D) . In acidic and alkaline conditions, electrostatic interactions were more obvious due to significant changes in surface charge, resulting in an increase in adsorption capacity under acidic conditions, and a loss under alkali conditions. Next, we evaluated the effect of adsorbent dosage on dye removal. The removal rates for MB and TB were increased gradually with an increasing amount of adsorbent (Fig. 4A,B) . The maximum removal rates for MB (75 mg/L, 92.60%) and TB (20 mg/mL, 97.10%) were achieved in the presence of 5 mg and 10 mg MNM-DE-CB. The adsorption time for each dye was also evaluated (Fig. 4C ). The adsorption of both MB and TB was >90% within 1 h, and saturated within 6 h. The adsorption capacity (q e ) of MB and TB was calculated to be 186.24 mg/g and 7.88 mg/g, respectively, using Eq. (2). The removal efficiency for TB was dramatically decreased with increasing temperature, but there was only a slight decrease for MB. These results are consistent with those of a previous report 47 . Adsorption of CB was not properly conducted at higher temperature because host-guest interactions are strongly exothermic (Fig. 4D ).
Reproducibility and large volume testing of MNM-DE-CB.
Due to the magnetic properties of the adsorbent, pollutants can be rapidly collected by a magnet, and adsorbed dyes and other molecules can be dissociated from the adsorbent using SDS. Figure 5A shows the process of absorption, dissociation, and efficient recycling with minimal secondary pollution and low energy loss. The reusability of MNM-DE-CB was evaluated using 10% SDS as the desorbing agent (Fig. 5B) . The dye removal efficiency was slightly decreased from 93.66% to 73.25% for TB, and from 92.60% to 74.25% for MB, after three uses due to incomplete dye removal from the surface of MNM-DE-CB.
Meanwhile, the magnetic properties of the adsorbent did not change significantly after three times uses based on the Ms values ( Fig. 5C ). To test the long-term stability and recyclability of MNM-DE-CB by magnetization, we used sodium dodecyl sulfate (SDS) to remove bound dye molecules and performed rebinding experiments. Remarkably, magnetization of MNM-DE-CB (2 mg) continued to work after being recycled 60 times through repeated washing and reabsorption of dye molecules for 1 month (Fig. S3 ). However, Ms values of MNM-DE-CB decreased continuously after recycling, possibly because absorbed dye molecules were not completely desorbed from the adsorbent by SDS. Despite this shortcoming, the recyclability of MNM-DE-CB for dye removal represents a significant advantage for large scale industrial applications.
In addition, we performed MB removal testing at a larger volume scale (50 mL and 1 L) to confirm the potential usefulness in various industries ( Fig. 5D and Fig. S4 ). A 30 mg sample of MNM-DE-CB was used for MB dye (75 mg/L) removal. After reaction of MB and the adsorbent for 5 min, the adsorbent was collected using a magnet for 5 min. Within this time, the MB dye solution was almost 96% cleared (Abs0 from 1.057 to 0.094) at the 50 mL scale, indicating that the adsorbent achieved high water dispersibility and dye removal efficiency in the increased volume. Furthermore, the MB dye solution was ~75% cleared (Abs0 from 0.463 to 0.117) after 10 min at the 1 L volume scale (Fig. S4) . These results demonstrate the acceptable reproducibility of MNM-DE-CB, as well as rapidity, simplicity, and low cost at a larger scale.
Biocompatibility and drug testing of MNM-DE-CB. The biocompatibility of nanomaterials is an
essential property for biomedical applications, especially inherent toxicological issues 48 . In the present study, the cytotoxicity of MNM-DE and the MNM-DE-CB was evaluated using MTT assays in colorectal adenocarcinoma HCT-116 cells. A series of concentrations of MNM-DE and MNM-DE-CB ranging from 50 to 1000 μg/mL were incubated with HCT-116 cells for 24 h. Cell viability was not adversely affected (83−97%) at concentrations up to 1 mg/mL for both composites (Fig. 6A) .
Meanwhile, to demonstrate the drug delivery applicability of MNM-DE-CB, we employed this adsorbent as a drug carrier with zinc phthalocyanine (ZnPC) as a drug delivery model. The absorption and release efficiencies for ZnPC with MNM-DE-CB were 81.89% and 96.84%, respectively (Fig. 6B) . When MNM-DE-CB-ZnPC was added to HCT116 cells, the viability of cancer cells was significantly decreased compared with MNM-DE-CB alone. Thus, MNM-DE-CB is a biocompatible and non-toxic material that could prove useful as a drug delivery system in clinical applications. Adsorption equilibrium experiment. For dye adsorption, Methyl Blue (MB) and Trypan Blue (TB) were tested. Different amounts of MNM-DE-CB were added to 1 mL dye solution at a defined concentration in a 1.5 mL tube. The mixture was shaken continuously for 1 h at room temperature, and adsorbents were collected with a magnet. The concentration of residual dye remaining in solution was analyzed by UV-Vis spectroscopy on a UV-2550 instrument (Shimadzu) by measuring the absorbance at the wavelength of maximum absorption. The % removed (R) and adsorption capacity (q e ) were calculated using the following equations:
where C o and C e are the initial and equilibrium concentrations of dyes (mg/L), q e is the equilibrium adsorption capacity (mg/g), m is the mass of MNM-DE or MNM-DE-CB (g), and V is the volume of solution (L). For regeneration measurements, recycled adsorbents were washed with 10% SDS, collected using a magnet, and used for subsequent adsorption experiments.
In vitro cytotoxicity assay. For For drug testing, MNM-DE-CB (40 mg) was added to 5 mL ZnPC/EtOH solution (2 mM) at room temperature. The mixture was shaken for 24 h, and drug-loaded composites were separated and tested by MTT assay.
conclusions
We herein demonstrate the synthesis of an adsorbent composed of magnetic functionalized DE and CB composites possessing rapid absorption ability and high solubility in aqueous solution. The MNM-DE-CB composite was synthesized by a two-step method that involved growing magnetic rods on the surface of DE, followed by CB coating through hydrogen bonds, which improved the solubility of MNM-DE in aqueous solution. The MNM-DE-CB composite is a highly water-dispersible and efficient adsorbent for the removal of dyes (MB and TB), possesses an increased surface area, and operates via three effective mechanisms: physical adsorption, electrostatic interactions, and host-guest interactions.
Various potentially influential factors were investigated, and MNM-DE-CB displayed high adsorption capacity in acidic solution and in the presence of metal cations at room temperature. Using this novel adsorbent has a rapid turnaround time due to the ability to recover using a magnet, making it suitable for large sample volumes. Thus, it is a promising alternative for the removal of toxic pollutants in several industries including environmental remediation and drinking water preparation. In addition, in vitro cytotoxicity assays were performed to confirm that MNM-DE-CB composites behaved in a dose-dependent manner, and no significant cytotoxicity was observed, making them good candidates for drug delivery. The synthesis of MNM-DE-CB in the present work was at the milligram scale, and further study at the gram scale is needed to prepare for various applications. We believe that this strategy for preparing MNM-DE-CB will open a new avenue for reducing magnetic self-precipitation and facilitate the efficient utilization of super-molecular CB in aqueous applications at large scale. Specifically, the biocompatibility and effective molecular encapsulation ability of MNM-DE-CB may lead to uses in drug delivery. Furthermore, the MNM-DE-CB with the absorption property using magnetic field could be applied to clinical applications such as biomolecules (protein, nucleic acids) isolations for disease diagnostics (protein and nucleic acids isolation) and treatments (bone space therapy, and local cancer therapy).
